Despite the use of liquid films in a wide variety of technical applications involving heat and mass transfer (e.g. nuclear reactors, cooling towers and gas turbines), where they often play an important role, the underlying momentum and heat transport processes within these thin liquid layers remain to be fully elucidated. In particular, this applies to the influence that surface waves, developing due to the film's natural instability, exert on the mentioned processes. In this context, it has been suggested by several experimental and numerical observations that momentum and heat transfer in the capillary wave region (which precedes large surface waves) undergo drastic variations. Indeed, some results have indicated the occurrence of upward flow (i.e. opposed to the gravitational acceleration) in this region. Moreover, evidence of a large increase in wall-side and interfacial transfer coefficients has also been noted. Recently, the authors have established that flow separation takes place in the capillary wave region of 2-and 3-dimensional laminar falling liquid films, partially explaining the above mentioned observations. They showed that the strong change in curvature of the liquid-gas interface in this region causes an adverse pressure gradient (due to the action of surface tension forces) sufficiently large to induce flow detachment from the wall. In the present paper, an in-depth experimental and numerical investigation of this phenomenon in terms of its kinematics and governing dynamics as well as its effect on heat transfer for two different 2-dimensional flow conditions is presented. Experimentally, velocity measurements (using Laser Doppler Velocimetry and Particle Image Velocimetry) and film thickness measurements (using a Confocal Chromatic Imaging technique) were performed in a specifically designed optical test setup. On the numerical side, simulations of the full Navier-Stokes equations as well as the energy equation using the Volume of Fluid (VOF) method were performed. In addition to these investigations, the numerical simulation of a 3-dimensional vertically falling water film, for flow conditions studied in a previous experimental contribution to the literature, was performed. Based on these data, the characteristics of capillary flow separation in the presence of 3-dimensional surface waves were studied. Results show that flow separation takes place in several areas of the resulting complex 3-dimensional capillary wave region, developing multiple separation zones in the shape of vortex tubes. In addition, spanwise flow and an associated eddy induced by the same governing mechanism are shown to occur in this region. This could explain the strong intensification of transfer to 3-dimensional liquid films.
INTRODUCTION
Falling liquid films, i.e. thin liquid layers (with a thickness of approximately 0.5 mm) flowing down an inclined or vertical wall, display a complex free surface topology due to the occurrence of surface waves, which develop as a result of the film's natural instability to perturbations of the liquid-gas interface, Alekseenko et al. (1994) . Figure 1 provides an overview of the characteristics of this topology. The central shadowgraph was obtained by Nosoko et al. (1996) and shows the evolution of surface waves on a vertically falling water film excited by way of a controlled disturbance upstream of the liquid inlet. Near the inlet, waves with equally spaced two-dimensional wave fronts are seen to occur, which break-up into 3-dimensional structures further downstream. The sketch on the right side of Figure 1 displays the liquid-gas interface's profile in the 2-dimensional region of the flow, consisting of large wave humps preceded by small capillary waves (so called due to the importance of surface tension forces) and separated by a smooth residual layer. The two close-up shadowgraphs on the left side of Figure 1 display typical 3-dimensional surface waves (see also Alekseenko et al. (2005) , Petviashvili and Tsvelo- Photographs clockwise from top left reproduced with permissions from John Wiley & Sons, Inc., Elsevier and S. V. Alekseenko (see also Alekseenko et al. (1994) ) respectively.
he illustrated the resulting flow field in the film's cross section for the case of harmonic surface waves, as reproduced in Figure 2 . Most interestingly, the figure shows a backflow region at the wave trough in the shape of a cellular pattern (this term was later introduced by Malamataris and Balakotaiah (2008) ). Although the wave topology investigated by Kapitza (1948) differs substantially from that of Figure 1 , a wave trough such as the one in Figure 2 is encountered in principle at all capillary minima. Confirmation of Kapitza's results was provided by Massot et al. (1966) , who made a correction to the 2-equation model and introduced a quantitative criterion for the occurrence of backflow. Demekhin et al. (1983) obtained similar results by numerically solving the first order boundary layer equations of film flow. Portalski (1964) tried to provide a physical explanation of the backflow phenomenon, introducing two important terms. Firstly, he stated that "at a fixed point the flow is periodically brought to rest and then reversed by the passage of the wave, so that separation is bound to occur...as in a boundary layer with adverse pressure gradient". Secondly, he introduced the notion of eddy formation. A first experimental validation of Kapitza's conjecture is contained in the work of Brauer (1956) , who observed upward motion of platelets distributed on the film's liquid-gas interface (subsequently designated as interface), whereas liquid phase streamwise velocity data measured by Nakoryakov et al. (1977) exhibit no negative values. However, as pointed out by the authors, their data display a large scatter in the capillary wave region, pointing toward extreme spatio-temporal modulations of the flow field there. Subsequently, Demekhin et al. (1987) investigated one of the regimes of Nakoryakov et al. (1977) numerically (using the boundary layer equations), showing that backflow does take place 1 .
More recent investigations pertaining to backflow considered the falling film in its full complexity, either by numerically solving the NavierStokes equations, or by way of sufficiently resolved measurements. Numerical investigations confirming the existence of backflow in the capillary wave region include those of Salamon et al. (1994) , Miyara (1999) , , Leefken and Renz (2001) , Malamataris et al. (2002) and Malamataris and Balakotaiah (2008) . Thereby, simulated wave dynamics were validated with experimental data by and Malamataris et al. (2002) . In addition, very convincing experimental proof of the backflow phenomenon is contained in the work of in the form of a photograph (recorded with large expo- Kapitza (1948) of the flow pattern at the wave trough of a vertically falling liquid film with harmonic surface waves.
sure time) showing loop-shaped pathlines of particles illuminated with a pulsed laser in the capillary wave region. Recently, Tihon et al. (2003) measured time traces of the local wall shear rate ∂u/∂y| y=0 in an inclined film with a large number of capillary waves, exhibiting sign changes (which are associated with flow reversal) at the first two capillary minima. Similar results were obtained by Tihon et al. (2006) , where additional numerical simulations corroborated the experimental findings. Moreover, performed the first full numerical simulation of a falling liquid film with natural 3-dimensional wave dynamics, exhibiting backflow within extensive capillary wave regions. Thereby, the authors conjectured the backflow phenomenon to be responsible for the 3-dimensional instability of 2-dimensional waves 2 , stating that during the transition from 2-to 3-dimensional horseshoe-shaped waves, the vorticity vector in the backflow region changes from a spanwise toward a streamwise orientation "like a hair-pin vortex motion". Evidence pointing in this direction is provided in this paper (see subfigure 22(b)).
The characteristics of wall-side heat transfer in 2-dimensional falling liquid films with pronounced capillary waves have been addressed only recently. showed that the heat transfer coefficient h (obtained from numerical simulation) exhibits local maxima at the respective capillary minima, the most significant increase in h occurring at the first capillary minimum. Similar numerical results were obtained by Miyara (2001) , Kunugi and Kino (2003) and , while experimental confirmation was provided by Schagen et al. (2006) . obtained similar results from their 3-dimensional simulations, reporting a substantial increase of h at the first capillary minimum.
Most recently, Dietze et al. (2008 Dietze et al. ( , 2009 Dietze et al. ( , 2011 ) (see also Dietze (2010) ) have established that flow separation takes place in the capillary wave region of 2-dimensional laminar falling liquid films, explaining the above mentioned observations of backflow and heat transfer intensification (partially) in the capillary wave region. In the present paper, a coherent account of the different aspects of capillary flow separation, from its kinematics and governing dynamics to its effect on heat transfer, based on experimental and numerical data, is given. Therefore 2 cases of 2-dimensional film flow (an inclined and a vertical film) and one 3-dimensional case are considered.
EXPERIMENTAL METHODOLOGY
A short description of employed experimental methods is provided next. More detailed information can be found in the work of Dietze et al. (2009) as well as Dietze (2010) .
In order to access the film cross section with optical velocity and film thickness measurement techniques, a specifically designed optical test setup (see Figure 3 ) was employed. The principal element of the test setup consists of an elongated cuboid quartz glass body that contains a cylindrical bore creating an inner surface, along which the liquid film develops (see Figure 4) . To enable the distortion-free imaging of the film cross section, the refractive indices of working liquid and quartz glass were matched. This was achieved by the choice of an appropriate working liquid (a DMSO-water mixture with ν=2.85·10 −6 m 2 /s, ρ=1098.3 kg/m 3 , σ=0.0484 N/m at T =25.2 • C) and the careful control of the working temperature to T =25.2
• C.
The optical test setup displayed in Figure 3 is integrated into a standard closed liquid circuit. The working liquid is pumped from the lower reservoir (item 7 in Figure 3 ) to an upper buffer reservoir (not pictured) situated above the optical test setup by a gear pump. In order to regulate the liquid temperature, a heat exchanger is integrated into the circuit between the lower and upper reservoirs. The volume flow rate was measured with a positive displacement flow meter between the heat exchanger and the upper reservoir. The flow of working liquid leaving the upper reservoir is divided and radially fed to the middle reservoir shown in Figure  3 through two separate entry ports. Upon entering the middle reservoir, the liquid impinges on a cylindrical overflow the inner surface of which is rounded, in order to avoid flow separation within the inlet. The actual inlet for the falling liquid film consists of an annulus created between the glass body and a cylindrical insert. The thickness of the annular inlet channel could be varied incrementally through the choice of the insert diameter. During experiments, the temperature of the liquid in the middle reservoir was measured with a resistive thermometer (Pt 100) with an error of ±0.1K and the ambient temperature of the laboratory was conditioned to T = 25 • C. The air volume above the liquid level developing in the middle reservoir was connected to an external loudspeaker-driven resonator, enabling the monochromatic excitation of surface waves in the film flow. Figure 5 shows a photograph of the wavy liquid film in the optical setup for a representative regime with surface waves of relatively large wavelength and precursory capillary waves. This picture shows that wave fronts were 2-dimensional over the entire width of the glass body's face. Under such conditions (detailed operating conditions for the 2-dimensional vertical film investigated experimentally are given in the second line of table 1), simultaneous measurements of streamwise velocity (using Laser Doppler Velocimetry, LDV) and film thickness (using Confocal Chromatic Imaging 3 or CCI) were performed. Thereby, the LDV measurement ellipsoid was oriented with its main axis in spanwise direction (see Figure 4) , yielding a high crosswise spatial resolution. The application of the CCI technique to film thickness measurements in the optical test setup was detailed by Dietze et al. (2009) Velocimetry (PIV) was employed to measure the velocity field within the liquid phase, using a CMOS camera for recording ( Figure 6 shows a sample image pair) and a pulsed laser light sheet for illumination (see Figure  4 ).
NUMERICAL METHODOLOGY
Numerical results presented in this paper are based on two 2-dimensional simulations as well as one 3-dimensional simulation (for experimental conditions from Park and Nosoko (2003) ) of falling liquid film flow. In all cases, the Volume of Fluid method (see Hirt and Nichols (1981) ) in conjunction with the Continuum Surface method (see Brackbill et al. (1992) ) was employed to solve the Navier-Stokes, continuity and energy equations. Methodological details concerning the respective simulations can be found in the works of Dietze et al. (2008 Dietze et al. ( , 2009 Dietze et al. ( , 2011 as well as Dietze (2010) . Operating conditions for the respective simulations are specified in table 1. The computational domain employed for 2-dimensional simulations is sketched in Figure 7 . Liquid enters the domain from the left through an inlet channel bounded by two parallel walls. In order to excite surface waves, a monochromatic disturbance of frequency f was imposed on the velocity profile at the liquid inlet. After leaving the inlet channel at x=0, the liquid enters the 2-phase region of the computational domain, developing surface waves. An extensive validation of 2-dimensional numerical simulations based on LDV and CCI measurements (as well as grid dependence analysis) was performed by Dietze (2010) and a comparison for the vertical film considered in this paper is shown in Figure  12 . As opposed to the 2-dimensional simulations, the performed 3-dimensional simulation does not represent the complete spatial evolution of the liquid film, the computational domain being restricted to one segment of the periodic 3-dimensional wave pattern, as illustrated in Figure  8 . The length and width of the domain were accordingly set to the streamwise and spanwise wave lengths Λx and Λz, which were obtained from Park and Nosoko (2003) ; Scheid et al. (2006) . Liquid and gas enter and leave the computational domain through streamwise periodic boundaries permeable for both phases. In z-direction, the domain is limited by symmetric boundaries, imposing spanwise symmetry.
TWO-DIMENSIONAL CAPILLARY FLOW SEPARATION -KINEMATICS -
A visualization of capillary flow separation as it occurs in the 2-dimensional inclined and vertically falling liquid films is provided in figures 9 and 10 respectively. These display the spatio-temporal evolution of simulated liquid phase streamlines at the first capillary minimum. A pictogram of the corresponding streamwise film thickness distribution, highlighting the region depicted in the streamline plot with an arrow, is also included in each subfigure. This highlighted region moves downstream with wave celerity, tracking the first capillary minimum of a single wave during its entire development. Both streamline plot sequences exhibit the same behaviour in the initial stages of wave development. As the first capillary minimum takes shape, streamlines underneath it distort into a pattern typically associated with decelerated and re-accelerated flow. Indeed, tracking a streamline in streamwise direction, the latter moves away from the wall while approaching the capillary minimum and re-converges toward it after passing the minimum. This streamline distortion grows more pronounced as the capillary waves develop, until the flow separates by detaching from and subsequently re-attaching to the bounding wall (see subfigures 9(c), 9(d) and 10(c)) similar to "classical" flow separation. In the process, a Capillary Separation Eddy (CSE) is formed, which subsequently grows until it attains a constant size once the capillary wave topology is fully developed.
In this respect, a significant difference between the inclined and vertical film is evident. In the first case, the CSE stays fully contained in the liquid phase (see Figure 9 (i)), assuming a crosswise size of approximately half the minimal film thickness. In the second case, the CSE outgrows the liquid film, assuming an open shape with streamlines ending at the liquid-gas interface (see subfigure 10(h)). The possibility of such a scenario was in principle established by Rood (1994) , who investigated vortex interactions with a free surface and stated that, when a vortex breaks up and "attaches" to a free surface, interfacial vorticity transport takes place (a discussion of vorticity transport within the CSE was provided by Dietze et al. (2009)). Interestingly, the streamline pattern in subfigure 10(h) confirms the flow structure conjectured by Kapitza (1948) (see Figure 2 ). An experimental confirmation is provided in sub- figure 10(i) in the form of streamlines computed from PIV data measured in the optical test setup (see Dietze et al. (2009) for further experimental results). Moreover, subfigures 10(e) to 10(g) show that, before attaining its final open shape (subfigure 10(h)), the CSE reverts back to a closed shape (subfigures 10(e) and 10(f)), suggesting a two-way coupling between flow separation and capillary wave dynamics (similar observations were recently made by Malamataris and Balakotaiah (2008) ). Consequently, it can be envisaged that capillary flow separation may play a role in the (secondary) instability of wavy liquid films. Figure 11 shows streamwise velocity profiles within the developed CSE for the two 2-dimensional cases. These exhibit flow reversal, as well as a streamwise sign change of their near-wall curvature similar to "classical" flow separation. From the point of view of multiple-equation wave dynamics models (see Scheid et al. (2006) ; Mudunuri and Balakotaiah (2006) ; Nguyen and Balakotaiah (2000) and Ruyer-Quil and Manneville (2000) ), that approximate the streamwise velocity distribution with polynomials, this means that the latter should be at least of third order, which is not the case for lowest order models. Comparing profiles in subfigures 11(b) and 11(d), it is clear that much stronger backflow occurs for the vertical film. Indeed, the velocity profile passing through the center of the open CSE (x=55.98 mm) exhibits a maximal negative value approximately ten times larger than the corresponding profile for the inclined liquid film. At this position, a considerable volume flux per unit width of Finally, Figure 12 depicts streamwise velocity and film thickness time traces obtained from experiments (circles) and numerical simulation (lines) for the 2-dimensional vertical film. Data were evaluated at two different crosswise positions within the thickness of the residual layer. They clearly show flow reversal at the first capillary minimum as well as a strong correlation between film thickness and streamwise velocity.
TWO-DIMENSIONAL CAPILLARY FLOW SEPARATION -GOVERNING DYNAMICS -
From elaborations concerning the kinematics of capillary flow separation it is clear that this phenomenon is quite similar to "classical" separation of wall-bounded single-phase flows (see e.g. Prandtl (1961) ; Sychev (1998) ) at least in the early stages of its development. This also holds for the developed state of the phenomenon if the CSE stays contained within the liquid film's residual layer. If however, the CSE outgrows the local film thickness, this similarity is no longer valid and considerably different kinematics take hold. An even more important difference with respect to "classical" flow separation concerns the governing dynamics of capillary flow separation. While the driving cause in the former case is an adverse pressure gradient imposed by the external flow, falling liquid films considered here flow in a largely quiescent gaseous atmosphere, which is virtually unbounded on the far-field side. Consequently, the driving cause for capillary flow separation cannot stem from the external gaseous phase.
The occurrence of flow separation in falling liquid films, especially in the case of a vertical arrangement, is at first unexpected, since this means that liquid flows in the direction opposite to gravity, which accelerates the film downward in the first place. Thus, the principal question to be answered concerns the force causing such flow reversal. Obviously, this force must act in upstream direction. Considering that the wall parallel component of the gravitational force acts in downstream direction and that viscosity forces are inner forces, only the resulting pressure force on a fluid element can be retained as such 4 (see the illustration on the right hand side of Figure 13 ). More precisely, since capillary flow separation initiates at the bounding wall, it is the wall distribution of static pressure, that is of principal interest. Accordingly, one can conjecture that capillary flow separation must be caused by a positive streamwise wall pressure derivative occurring in the capillary wave region.
The mechanism generating this positive pressure derivative can be understood by considering the relation between liquid phase static pressure and interface topology. This is given by the normal coupling condition between liquid and gaseous phase (see e.g. Alekseenko et al. (1994) ), which can be simplified assuming the dominance of capillary and pressure forces in the capillary wave region:
where δ designates the film thickness, p l the liquid-side interfacial pressure and κ the interface curvature. Thereby, as established by Malamataris et al. (2002) , the distribution of interfacial pressure is, to a large extent, imposed on the wall pressure pw. The physical mechanism underlying equation (1) results from the interfacial pressure jump caused by tensile forces, as illustrated on the right hand side of Figure 13 . This pressure jump (from liquid to gas) must act in opposition to tensile forces to maintain the interface's distortion. Consequently, it is negative in a wave hump and positive in a wave trough. Neglecting pressure variations in the gaseous phase, this means that liquid-side interfacial pressure (and therewith wall pressure) increases from wave trough to wave hump. This yields a positive (or adverse) streamwise pressure derivative, i.e. a resulting pressure force directed upstream. At the same time, the streamwise change in interface curvature from positive in the wave trough to negative in the wave hump is negative, which is in accordance with equation (1). In order to enable flow separation, the resulting adverse pressure force must surmount the downward gravitational force, yielding:
where the force ratio Ψ was introduced. Subfigures 14(b) and 14(d) depict streamwise distributions of Ψ for the inclined and vertically falling liquid film respectively. From these it is evident that the condition for flow reversal is fulfilled at the first capillary minimum in both cases. Further Ψ attains much larger negative values (meaning a larger upward driving force) for the vertical film, which is in accordance with the stronger flow reversal evidenced in subfigure 11(d).
TWO-DIMENSIONAL CAPILLARY FLOW SEPARATION -EFFECT ON HEAT TRANSPORT -
Subfigures 15(a) and 15(b) depict temperature contours within a single wave in the fully developed region of the inclined (P r= 66.5) and vertical (P r=30.6) film, as obtained from wall-side heat transfer simulations performed for constant wall and inlet temperatures Tw=350 K and T0=300 K. Corresponding wall Nusselt number (N u=h δNu/k) time traces are illustrated in subfigures 15(c) and 15(d). In both representations it is evident that heat transfer is intensified at the first capillary minimum (in accordance with the previously mentioned works of ; Miyara (2001) ; Schagen et al. (2006) ). Bearing in mind the kinematics of capillary flow separation occurring in this region, it is reasonable to assume that the underlying cause is the CSE-induced intensification of crosswise convective transport in the liquid phase. Based on an Eulerian approach one could assume that the mixing length l characterizing this convective transport is of the order of the CSE's size. However, this approach does not account for the fact that the wave celerity is larger than the mean flow velocity in the residual layer, meaning that surface waves repeatedly pass over fluid elements traveling there. Consequently, the latter are subjected to the CSE's kinematics only for a more or less short transition period. Thus, a Lagrangian view seems to be more adequate. This is adopted in figures 16 and 17, which depict simulated fluid element pathlines in the residual layer for the inclined and vertical film respectively. In both figures, the first two subfigures display the state of the pathlines at two different time points during the transition of the first capillary minimum. In addition, subfigures 16(c) and 17(c) depict the pathlines after the passage of the first capillary minimum. Finally, subfigures 16(d) and 17(d) provide a close-up view of pathlines near the wall. From these pathline sequences several general conclusions pertaining to both cases can be drawn. First, the CSE clearly induces crosswise convective transport as it passes over a considered position. Thereby, fluid elements move toward the wall and away again, their pathlines exhibiting "hook"-or "loop"-shaped distortions depending on whether or not they encounter flow reversal. Second, the mixing length l induced by these distortions increases with wall distance, owing to the fact that fluid elements traveling further from the wall exhibit larger streamwise velocities and are thus exposed over a longer time span to the capillary waves passing their position. This effect can be expressed by the simple relation:
whereṽ designates the characteristic crosswise velocity induced by the CSE, c signifies the wave celerity and u the local streamwise velocity component prior to the capillary wave transit (which can be assumed as semi-parabolic), while Λc is the capillary wave length.
In terms of a comparison between the inclined and vertical film, the following conclusions can be drawn. Owing to the fact that the CSE in the inclined film is closed, "loop"-shaped pathline distortions are only encountered very close to the wall, whereas for the vertical case they occur over the entire minimal film thickness. In subfigure 17(c), a photographic insert is included, which shows a "loop"-shaped pathline obtained experimentally by Al-Sibai (1998) under somewhat different flow conditions using a similar experimental setup (developed by ). Secondly, the mixing length induced by the CSE in the vertical case is significantly larger, which can be attributed to the larger characteristic crosswise velocityṽ induced by the open CSE. However, the Nusselt number time traces in subfigures 15(c) and 15(d) do not exhibit a significantly larger CSE-induced increase for the vertical case. This in turn can be explained by the crosswise decrease in mixing length with decreasing wall distance (as formulated in equation (3)), which yields very small values of l close to the wall for both cases. Finally, judging from the very large pathline distortions near the interface, it can be inferred that interfacial heat transfer is affected to a much larger extent by the CSE, which would confirm previous observations by Seban and Faghri (1978) Figure 18 represents the fully developed interface topology for the 3-dimensional simulation over one streamwise wavelength and three spanwise wavelengths. Similar to the 2-dimensional case, the interface is characterised by large wave humps preceded by several capillary waves of considerable amplitude. However, in contrast to the 2-dimensional case, wave fronts of large wave humps are distorted into horseshoe-like shapes. At the position where two horseshoe-shaped wave fronts meet, a large intermediate hump, representing the global film thickness maximum, occurs. As a further consequence of the horseshoe-shaped wave fronts, capillary waves preceding two adjacent large wave humps interfere with one another. The resulting region of capillary interference is characterised by capillary wave humps and troughs alternating in streamwise and spanwise direction in the form of a checkerboard or herringbone pattern (these terms were previously introduced by Chang et al. (1994) and Liu et al. (1995) respectively to describe the interface topology of interacting 3-dimensional large waves.). Thereby, capillary waves preceding the large intermediate hump are particularly pronounced. A comparison of the computed wave topology with the corresponding experimental shadowgraph from Park and Nosoko (2003) is shown in Figure 19 . The numerical simulation reproduces several key features of the experimental shadowgraph. Firstly, the horseshoe-shaped form of the main wave humps is more or less well captured. Secondly, the number of capillary waves preceding these wave humps as well as the pattern produced by their interference is reproduced. Finally, the two-dimensional nature of the intermediate hump and its preceding capillary waves is obtained, the lateral extension of these intermediate wave fronts also corresponding reasonably well. Based on the 3-dimensional representation of wave topology in Figure 18 and the corresponding top view of the film thickness distribution in subfigure 19(b), it can be stated that a large part of the considered film's interface is affected by capillary wave dynamics. In order to assess their influence on the liquid phase flow field, subfigures 20(b) and 20(c) depict contours of the streamwise τwx = µ ∂u/∂y| y=0 and spanwise τwz = µ ∂w/∂y| y=0 wall shear stress, corresponding to the representation of film thickness contours in subfigure 19(b). The contour levels in subfigure 20(b) are chosen such that only negative values of τwx are associated with gray scales other than white, allowing to identify regions of flow reversal. Accordingly, capillary flow separation is seen to occur in three distinct regions.
THREE-DIMENSIONAL CAPILLARY FLOW SEPARATION
At the first capillary minimum, flow separation is seen to occur over almost the entire spanwise wavelength. Thereby, in front of the intermediate hump, the streamwise wall shear stress attains the largest negative values, indicating strong backflow, as is expected from the large interface distortion (i.e. change in interface curvature) there. In front of the large wave humps, the region of capillary flow separation is shaped in the form of a horseshoe (in accordance with the shape of capillary wave fronts). This region extends in principle to the capillary wave region of the intermediate hump but is interrupted by a stretch without flow reversal. In addition to the first capillary minimum, flow separation also takes place at the second and third capillary minima. However, this is the case only in the region preceding the intermediate hump.
A more detailed look at capillary flow separation in the regions identified in subfigure 20(b) is provided by Figure 21 With increasing spanwise distance, the second CSE is seen to disappear at z=-12.5 mm (see subfigure 21(c)), where spanwise velocity contours show that the first CSE is associated with strong spanwise flow. This is in accordance with the orientation of the capillary wave front there, which is not horizontal, in contrast to the other spanwise positions, as can be deduced from subfigure 19(b). The occurrence of strong spanwise flow within the CSE suggests a corkscrew-type flow in this region 5 . In order to gain a topological insight into the 3-dimensional capillary flow separation occurring in the considered water film, Figure 22 depicts liquid phase streamlines in the capillary wave region preceding the intermediate wave hump. Therein, 3-dimensional CSE's are shown to take the form of vortex tubes, the axes of which are shaped like the corresponding capillary wave fronts. Moreover, the "vortex tubes" exhibit corkscrew-shaped streamlines as previously inferred with respect to subfigure 21(c). It should be mentioned here that those parts of streamlines depicted in Figure 22 lying in the gaseous phase were blanked in order to highlight liquid phase conditions. The full streamlines do indeed form closed "vortex tubes". A distinctly 3-dimensional capillary feature of the flow is exhibited by the region of capillary interference shown in Figure 18 and subfigure 19(b). Indeed, considering the governing mechanism of capillary flow separation, it can be inferred that the spanwise variation of film thickness associated with the checkerboard pattern there causes spanwise flow. Moreover, since the spanwise component of gravitational acceleration is non existent, it can be expected that this capillary-induced spanwise flow is relatively strong. This is confirmed by the distribution of the spanwise wall shear stress τwz depicted in subfigure 20(c), showing τwz to attain large magnitudes in the interference region. Further, the distribution of τwz clearly shows that the previously discussed interfacial checkerboard pattern is also imposed on the flow.
The occurrence of a checkerboard flow structure raises an interesting prospect from a transport perspective. Indeed, considering a fluid element traveling at a given spanwise position, the latter is subjected to spanwise flow of alternating direction as the region of capillary interference passes over its position. This causes the fluid element to move back and forth in spanwise direction causing strong lateral mixing. In addition, the fluid element is subjected to oscillating streamwise and crosswise velocity components, causing it to adopt a corkscrew-shaped pathline.
In order to investigate the spanwise flow caused by the checkerboard pattern in greater detail, figures 23 and 24 depict liquid phase velocity components within y-z-planes at different streamwise positions. These positions were chosen such that the corresponding planes "cut through" subsequent capillary extrema (and the intermediate hump) as highlighted in subfigure 20(c). In these figures, the streamwise velocity component is Figure  21 . These cells are associated with strong spanwise flow from the wave humps to the wave troughs. As the position of the latter alternates in spanwise direction, so does the direction of the spanwise flow. Consequently, considering the spanwise position z=-16.5 mm, a fluid element traveling in the residual layer is subjected to alternating spanwise flow from subfigures 23(a) to 24(c).
Another striking feature of the 3-dimensional flow is seen in subfigure 23(a), representing the velocity field within the intermediate hump.
There, between positions z=-18.25 mm and z=-17.25 mm, a "spanwise" eddy is seen to occur. Evidence of this eddy is also discernible at the corresponding position in subfigure 20(c), showing contours of the spanwise wall shear stress. A full investigation of this flow structure's 3-dimensional shape as well as its driving mechanism also remains the object of future work.
From a scalar transport perspective, the above discussed intense mixing, caused both by capillary flow separation and the spanwise cellular pattern in the region of capillary interference (as well as the above mentioned "spanwise" eddy), is expected to drastically increase the local driving potential, leading to a significant wave-induced intensification of scalar transfer, which could explain the strong increase in transfer rates to 3-dimensional falling liquid films. Finally, the spanwise mixing in the capillary wave region preceding the intermediate hump could exert a stabilizing effect on thermo-capillary film rupture, since it would tend to homogenise the spanwise temperature distribution and thus reduce thermocapillary forces driving film rupture.
CONCLUSIONS
In this paper, an in-depth investigation of the phenomenon of capillary flow separation, occurring in 2-and 3-dimensional falling liquid films, was presented. The kinematics and governing dynamics of this phenomenon as well as its effect on heat transport were studied based on highly resolved optical film thickness and velocity measurements as well as numerical simulations. The presented results, allow to draw a number of conclusions and recommendations for future research. Flow separation occurs in the capillary wave region of falling liquid films (preferably at the first capillary minimum) due to the strong streamwise change in curvature of the liquid-gas interface there. This free surface deformation acts on the interfacial pressure jump due to the effect of tensile forces, causing an adverse pressure gradient within the liquid film, which is sufficiently large to compensate streamwise gravitation and induce flow reversal and detachment from the wall. Thereby, the resulting Capillary Separation Eddy or CSE (which only persists over a short time span during the passage of the capillary waves) can either remain closed or assume an open shape with streamlines ending at the interface.
In the case of 3-dimensional liquid films, characterized by horseshoeshaped principal wave humps preceded by a region of complex interfering 3-dimensional capillary waves, multiple CSE's occur. These assume the form of vortex tubes, the axes of which follow the corresponding capillary wave fronts. Additionally, in the region of capillary interference, strong spanwise currents (and an associated "spanwise" eddy) occur, which are in principle governed by the same mechanism as the capillary flow separation, i.e. spanwise variations of film thickness causing corresponding pressure variations due to the effect of tensile forces.
These hydrodynamic features of 3-dimensional falling liquid films have yet to be verified experimentally and corresponding investigations are currently under way. In particular, this includes quantitative measurements of the 3-dimensional free surface topology for the flow conditions investigated by Park and Nosoko (2003) (who published "only" qualitative shadowgraphs), using Laser Induced Fluorescence (LIF). Such measurements would enable to confirm the simulated wave topology represented in Figure 20(a) . Further, velocity measurements (using LDV and PIV) in the optically accessible RIM test section are envisaged. Due to the necessity to access the film's cross section through the liquid phase (see Figure 4) , these measurements are restricted to the residual layer (i.e. 0 ≤ y ≤ δmin) of 3-dimensional liquid films, which however is of most interest in terms of capillary flow separation.
Regarding the effect on heat transport, flow separation causes strong convective transport normal to the wall, which leads to an intensification of wall-side heat transfer. Thereby, the correct mixing length characterizing this process is discernible only in a Lagrangian view of the phenomenon and is considerably smaller than the size of the CSE. Moreover, this mixing length increases with wall distance, suggesting a stronger intensification of interfacial transfer compared to wall-side transfer. Numerical simulations of heat transfer at the free surface of falling liquid films (using a VOF-code enabling adaptive grid refinement in the interfacial region) are currently under way in order to verify this conjecture. For the 3-dimensional case, the spanwise flow patterns mentioned above could explain the strong transfer intensification commonly observed in 3-dimensional falling liquid films.
A final recommendation regarding future work on falling liquid films pertains to the elucidation of the relation between liquid phase momentum transport and the film's 2-and 3-dimensional free surface structure. Such insights could be very helpful for the extension of the very successful modelling approaches developed by Manneville (2000, 2002) and Scheid et al. (2006) (see also Kalliadasis et al. (2011) ) as well as Nguyen and Balakotaiah (2000) ; Mudunuri and Balakotaiah (2006) . In particular, the influence of the flow separation phenomenon on large wave dynamics could be of interest. Indeed, Tihon et al. (2006) suggested that capillary waves stabilize the large wave humps they precede. Further, the mechanism leading to the 3-dimensional destabilization of 2-dimensional wavy liquid films needs to be elucidated. This mechanism could be similar to the accelerational Rayleigh-Taylor instability suggested for liquid jets by Marmottant and Villermaux (2004) . Alternatively, the Plateau-Rayleigh instability may cause capillary wave fronts to disintegrate in spanwise direction as suggested by Park and Nosoko (2003) . This may also explain the more or less uniform spanwise profile of the capillary wave's free surface in subfigures 23(b), which resembles that of a liquid cylinder subject to the Plateau-Rayleigh instability close to the event of fragmentation (see figures 15(c) and 15(d) in Eggers and Villermaux (2008) ). However, these conjectures need to be investigated more rigorously. Finally, the full 3-dimensional structure of the "spanwise" eddy observed in subfigure 23(a) remains to be elucidated.
In order to perform the above mentioned investigations, highly resolved numerical simulations of 3-dimensional falling liquid films (preferably over the entire development length) are necessary. For this, the use of a supercomputer is required.
